Aims/hypothesis Insulin resistance, an independent riskfactor for cardiovascular disease, precedes type 2 diabetes and is associated with ectopic lipid accumulation in skeletal muscle and liver. Recent evidence indicates that cardiac steatosis plays a central role in the development of diabetic cardiomyopathy. However, it is not known whether insulin resistance as such in the absence of type 2 diabetes is associated with heart steatosis and/or impaired function. We therefore assessed myocardial steatosis and myocardial function in a sample of women with normal insulin sensitivity, insulin resistance, impaired glucose tolerance (IGT) and type 2 diabetes. Methods Magnetic resonance imaging and localised spectroscopy were used to measure left ventricular dynamic variables and myocardial lipid accumulation in interventricular septum of non-diabetic, age-and BMI-matched insulin-sensitive Results Myocardial lipid content was increased in type 2 diabetic women only (insulin-sensitive 0.4±0.2% [means ± SD]; insulin-resistant 0.4±0.1%; IGT 0.5±0.2%; type 2 diabetes 0.7±0.3%; p<0.05). In insulin-resistant and type 2 diabetic women, stroke volume was lower (−15% and −27%, respectively, vs insulin-sensitive) and heart rate was higher (11% and 14%, respectively, vs insulin-sensitive, p<0.05). No other differences in systolic and diastolic function were observed between study groups. Conclusions/interpretation In contrast to liver and skeletal muscle, insulin resistance as such is not associated with increased myocardial lipid accumulation.
Introduction
Insulin resistance and type 2 diabetes are closely related to ectopic lipid accumulation in the liver and skeletal muscle [1] [2] [3] [4] [5] [6] [7] . The combination of insulin resistance and cardiovascular risk factors potentiates the risk of cardiovascular disease and heart failure [8] in patients with type 2 diabetes.
Recent investigations have indicated that a process termed 'lipotoxicity' or 'adipotoxicity' in the heart [9] , secondary to increased myocardial lipid accumulation, is likely to underlie the functional and morphological changes that are characterised by concentric left ventricular hypertrophy and to contribute to decreased ventricular compliance and consequently alterations in diastolic function [10, 11] .
Localised 1 H-magnetic resonance spectroscopy (MRS) was recently introduced for the non-invasive quantification of intracellular lipids in the human myocardium [12] [13] [14] [15] [16] and has identified the association between increased myocardial lipid content and impaired myocardial function [11, 13, 17] . Furthermore, myocardial lipid accumulation has been consistently linked to hyperglycaemia, including impaired glucose tolerance (IGT) [18] and diabetes mellitus [19] . MRI and echocardiography studies have also revealed associations between impaired left ventricular function and insulin resistance [20] [21] [22] [23] in large populations spanning from normoglycaemic volunteers to type 2 diabetes patients. These studies suggest a possible causal role of insulin resistance in the development of cardiomyopathy. However, so far it is not known whether, in analogy to skeletal muscle and liver, intracellular lipid content is increased in the heart muscle of insulin-resistant individuals with normal glucose tolerance, thus possibly contributing to early functional defects.
We therefore measured myocardial lipid content and variables of myocardial function in a sample of women, including women with type 2 diabetes and IGT, but also normal glucose-tolerant, insulin-sensitive and insulinresistant volunteers, with a view to correlating these variables with metabolic profile and measures of wholebody insulin sensitivity.
Methods

Study participants
Study volunteers were recruited from the local cohort participating in the Relationship between Insulin Sensitivity and Cardiovascular Disease Risk (RISC) Study [24, 25] and the outpatient ward of our department. From the RISC cohort, we selected women with normal glucose tolerance (glucose at 120 min post challenge ≤7.77 mmol/l) and with insulin sensitivity from the highest (insulin-sensitive) and lowest (insulin-resistant) quartile of its distribution, as well as women with IGT (normal fasting plasma glucose and insulin concentration, but with 120 min post challenge glucose of 7.77-11.11 mmol/l, n=3). Additional women with IGT (n=3) and women with type 2 diabetes were recruited from the outpatient ward of our department. In non-diabetic women, glucose metabolism was assessed using standardised OGTT [26] and insulin sensitivity was calculated by the clamp-like index (CLIX) [24] , which closely correlates with whole-body insulin sensitivity measured by euglycaemic-hyperinsulinaemic clamps. Exclusion criteria for all participants included: (1) age >70 years; (2) known presence of or medical treatment for coronary artery disease; (3) thiazolidinedione therapy; (4) BMI >32 kg/m 2 ; and (5) plasma triacylglycerol concentration >3.4 mmol/l. Of 39 women who were asked to undergo magnetic resonance measurement, five did not respond or refused to participate. All participants gave written informed consent after approval of the study by the local ethics committee.
Altogether we enrolled 11 non-diabetic insulin-sensitive (47±6 years [mean ± SD], BMI 25±2 kg/m 2 ), ten insulinresistant (48±5 years, 27±2 kg/m 2 ), six IGT (45±5 years, 28±6 kg/m 2 ) and seven type 2 diabetic women (52± 10 years, 27±3 kg/m 2 ). Metabolic and clinical variables of the study groups are given in Table 1 . None of the women was physically active more than once a week and none had polycystic ovary syndrome. Of the 34 women, 16 were postmenopausal with even distribution between the study groups: insulin-sensitive (five of 11); insulin-resistant (three of ten); and IGT (three of six) groups. The numbers per group who were offspring of type 2 diabetic parents were as follows: type 2 diabetes four of seven; IGT four of six; insulin-sensitive two of 11; and insulin-resistant three of ten. One woman from the insulin-resistant group and four from the type 2 diabetes group were being treated with blood pressure-lowering medication. All participants with type 2 diabetes were being treated with oral glucoselowering medication (n=4) and/or insulin treatment (n=5); two of them were also on lipid-lowering drugs.
Magnetic resonance imaging and spectroscopy
All magnetic resonance measurements were performed on a 3.0-T Tim Trio System (Siemens Healthcare, Erlangen, Germany) operated with a Syngo VB15 (Siemens Healthcare) user interface in the basal metabolic conditions after an overnight fast.
end-systolic volume, stroke volume, ejection fraction and myocardial mass) [27] via Argus software (Siemens Healthcare). Ejection fraction was used as the primary index of left ventricular systolic function. In addition, fast low angle shot-based retrospective ECG-gated cine phase velocity encoding sequence (velocity encoding 80 cm/s, resolution 1.7×2.1×6.0 mm 3 , acquisition time per segment 71 ms, 20 reconstructed cardiac phases) was used to determine the E/A ratio, which is a measure of left ventricular diastolic function and is calculated as the peak velocity ratio between early (passive) filling of the ventricle during diastole (E) and late (due to atrial contraction) mitral inflow (A) [28, 29] . (Fig. 1) . Anatomical imaging was used to guide watersuppressed point-resolved spectroscopy sequence (echo time TE 30 ms, number of acquisitions (NA)=32). The volume of interest (approximately 6-8 cm 3 ) was placed across the middle inter-ventricular septum. The spectral signal was acquired following ECG and navigator-based respiratory triggering using the multichannel cardiac-and spine-reception coils, both of which were provided by the system manufacturer (Siemens Healthcare). Repetition time of the sequence was given by the frequency of breath movement of the individual volunteer. An additional spectrum without water suppression (NA=8) was used as the internal concentration reference. The spectra were processed by the spectroscopy processing tool provided by the system manufacturer (Siemens Healthcare). The myocardial lipid content was calculated as a ratio of the sum of intensities of (CH 2 ) n (1.25 ppm) and CH 3 (0.8-0.9 ppm) group resonances to the intensity of the water resonance from non-water suppressed spectra of the same volume of interest. Intensities of lipid and water resonance lines were corrected for spinlattice (T 1 ) and spin-spin (T 2 ) relaxation using individual repetition time and already published T 1 and T 2 relaxation times of skeletal muscle at 3T [30] . (Fig. 1) . Mean intra-individual coefficient of variation on a day-to-day basis reached 39%, which is comparable to the 32% reported in published data [14, 15] . Data from two type 2 diabetic patients examined in the pilot performance study were not included in the main study collective, due to pronounced hypertriacylglycerolaemia.
Metabolites, hormones and calculation of insulin sensitivity
The experimental procedures of blood drawing and further analysis of circulating variables were recently described [24] . Individual insulin sensitivity was estimated from the CLIX as described previously [24] .
Statistical evaluation
Data are given as mean ± SD. ANOVA with Dunnett's t post hoc test was performed and significant differences were acknowledged at p<0.05. Bivariate and multivariate 
Results
The AUC of plasma glucose concentrations during the OGTT was increased by 14% (insulin-resistant) and 55% (IGT) and the AUC of plasma insulin concentrations was ∼90% and ∼120% higher in insulin-resistant and IGT participants respectively compared with insulin-sensitive participants (Table 1 ). This postprandial hyperinsulinaemia indicates pronounced insulin resistance reflected by a low CLIX in insulin-resistant and IGT participants (Table 1 and Fig. 2.) .
Results of functional and metabolite cardiac measurements are summarised in Fig. 2 and Table 2 . Left ventricular ejection fraction, end-systolic volume, cardiac output and E/A ratio were not different between the groups. Compared with insulin-sensitive participants, stroke volume was lower in insulin-resistant and type 2 diabetic (−17% and −27%; p<0.05) participants, and heart rate was higher (insulin-resistant participants 11%, type 2 diabetic 14%; p<0.05; Table 2 ). Myocardial lipid content was not different between insulin-sensitive and insulin-resistant groups, tended to be higher in the IGT group and was increased (p<0.05) by 87% in type 2 diabetic patients, when compared with that in insulin-sensitive participants.
Bivariate linear correlation analysis showed HbA 1c , triacylglycerol, HDL-cholesterol, heart rate, CLIX and BMI to be associated with stroke volume and/or cardiac output. Myocardial lipids were correlated with HbA 1c , AUC glucose (OGTT) and triacylglycerol (for detailed correlation coefficients and significance levels, see Table 3 ). No differences in myocardial variables according to menopausal status, family history of diabetes or prescribed medications were detected.
Multivariable stepwise linear regression on the total study sample (n=34) of stroke volume including HbA 1c , BMI, HDL-cholesterol, LDL-cholesterol, cholesterol, triacylglycerol, heart rate and myocardial lipid levels identified HbA 1c as the strongest and only predictor (Table 4) . When participants with type 2 diabetes were excluded (study sample n=27) and an OGTT-based measure of insulin resistance (CLIX) was included in the set of independent variables, CLIX was identified as the strongest predictor of stroke volume ( In contrast to those studies [18, 19, 21-23], careful BMIand age-matching of insulin-sensitive and insulin-resistant women allowed us to focus and draw conclusions on the role of insulin resistance. We observed subtle associations between variables of myocardial function and long term glycaemia (HbA 1c ), insulin resistance (CLIX), triacylglycerol and cholesterol concentrations. The decrease in left ventricular stroke volume in the insulin-resistant group (−17%; p=0.037) was counteracted by an increased heart rate (11%, p=0.030), yielding no difference in cardiac output between the groups. However, no effect of insulin resistance as such on myocardial lipid content was observed. Based on previously published data [15, 31] and our pilot measurements, the present study was sufficiently powered to detect relevant variations in myocardial lipid content in the range of differences reported not only for patients with overt diabetes, but also for those with other insulin resistance stages including obesity [18] . However, the conclusion that functional adaptations including decreased stroke volume might precede lipid accumulation has to be drawn with caution, since the sensitivity of MRI for detection of subtle changes in myocardial function is likely to exceed the sensitivity of MRS employed to measure myocardial lipid stores.
So far the mechanisms responsible for cardiac steatosis have been addressed mainly in animal studies. It appears that, in diabetic rodents, cardiac fatty acid uptake and metabolism are increased secondary to elevated plasma NEFA concentrations and increased protein levels of fatty acid transporters. A proportion of elevated cytosolic longchain fatty acids are incorporated into the myocardial lipid pool, leading to elevated concentrations of intracellular triacylglycerol, diacylglycerol and ceramides [33] . Augmented oxidation of fatty acids results in increased generation of reactive oxygen species, leading to mitochondrial dysfunction, which might contribute to impaired contractility [34] . These studies illustrate that the myocardial triacylglycerol pool is dynamic, but they do not prove that triacylglycerol accumulation directly influences cardiac function. However, cardiac steatosis is an important biomarker for the underlying defects described above [9] . Mitochondrial dysfunction, which is associated with insulin-resistant states, might not only be the consequence, but could also be the cause of intramyocellular lipid deposition. It has been proposed that reduced rates of mitochondrial oxidative phosphorylation predispose to lipid accumulation in skeletal muscle [35] . Furthermore, increased intracellular availability of glucose (secondary to hyperglycaemia and hyperinsulinaemia) has been shown to inhibit fatty acid oxidation mediated by increased malonylCoA concentrations [36] . Thus increased availability of circulating fatty acids, augmented transporter-mediated cellular uptake of fatty acids, impaired lipid oxidation secondary to hyperglycaemia, and mitochondrial dysfunction might all contribute to myocardial lipid accumulation.
The precise mechanisms mediating myocardial steatosis and diabetic heart disease in humans have not yet been elucidated. Short-term elevation of plasma NEFA secondary to energy intake restriction has been associated with increased accumulation of myocardial triacylglycerol [14, 17] , but a single fat-rich meal and 3 days of high-fat diet did not affect myocardial triacylglycerol content [14, 37] . In long-term interventional studies, 12 weeks of combined exercise training [38] and 6-month treatment with pioglitazone and insulin [39] reduced myocardial steatosis and HbA 1c in healthy obese and type 2 diabetic patients, respectively. On the other hand, van der Meer et al. [40] were unable to detect a decrease in myocardial lipid accumulation, despite improved glycaemic control, wholebody insulin sensitivity, left ventricular stroke volume and early peak flow rate, during pioglitazone therapy in type 2 diabetic patients. The controversial results of these studies left the question of a possible link between insulin resistance and cardiac steatosis unanswered.
One potential limitation of our study is the restriction to female participants. The stratification of our study collective was led by the results of previously published studies suggesting women to be more susceptible than men to unfavourable effects of hyperglycaemia with regard to cardiovascular conditions. Thus the Framingham study reported that women with diabetes are at double the risk of developing heart failure compared with their male counterparts [41] . Increased cardiovascular risk is already present in premenopausal type 2 diabetic women, suggesting that diabetes abolishes the protection of female sex hormones against cardiovascular diseases [42] ; moreover, increased intramyocardial lipid content is more pronounced in women with overt hyperglycaemia than in comparable men [18] . It thus appears that female hearts might be especially susceptible to the diabetes-specific environment. The limited number of women with IGT included in the study resulted from the extremely low prevalence of this condition in the population of otherwise healthy women. Nevertheless, the inclusion of BMI-and agematched IGT and type 2 diabetic women allowed us to perform bivariate correlation analysis, which suggested links between myocardial lipid accumulation and longterm (HbA 1c ) or acute hyperglycaemia (AUC glucose OGTT) and plasma triacylglycerol levels. However, neither insulin resistance (CLIX) nor HbA 1c were selected as independent predictors of myocardial lipid content by multivariable linear regression.
Taken together, this cross-sectional study suggests that insulin resistance as such is not associated with increased myocardial lipid content. 
